Various series from other centres have shown impaction bone grafting to have a survival rate between 72% and 90% at five to eight years. [4] [5] [6] Other techniques in revision cases have used uncemented implants, including more recently trabecular metal implants. 7, 8 However, these techniques do not facilitate the restoration of bone stock in the same way as impaction grafting with a cemented acetabular component. We have a substantial series of patients who have more than ten years of follow-up since their revision with impaction grafting and a cemented acetabular component and present their survival and clinical and radiological outcomes.
Impacted morcellised bone allograft has been used in the reconstruction of cavitary and segmental bony defects in revision hip surgery for nearly 30 years. 1 It relies on successful vascularisation and incorporation by creeping substitution of the cancellous bone chips. 2 Initial mechanical stability is achieved by using retaining meshes and firm impaction to achieve a substratum not dissimilar to normal bone. Early successful results from Slooff et al 1 in Nijmegen led to its adoption at our institution in the mid-1980s following collaboration with the Nijmegen group. 3 Various series from other centres have shown impaction bone grafting to have a survival rate between 72% and 90% at five to eight years. [4] [5] [6] Other techniques in revision cases have used uncemented implants, including more recently trabecular metal implants. 7, 8 However, these techniques do not facilitate the restoration of bone stock in the same way as impaction grafting with a cemented acetabular component. We have a substantial series of patients who have more than ten years of follow-up since their revision with impaction grafting and a cemented acetabular component and present their survival and clinical and radiological outcomes.
Patients and Methods
Between 1 October 1995 and 31 December 2001 a consecutive series of 304 hips in 292 patients (107 men and 185 women) underwent acetabular impaction grafting (AIG) with a cemented acetabular component for aseptic acetabular loosening. No hips were excluded. There were 12 bilateral procedures (none performed simultaneously). The mean age of the patients at the time of surgery was 70.3 years (34 to 95), and 181 operations were performed on patients aged ≥ 70 years at the time of surgery. It was the first revision procedure in 237 hips, the second in 60, the third in four and the fourth in three. Consultant surgeons performed 189 of the procedures, and the remaining 115 were carried out by fellows and trainees.
The detailed surgical technique has been described previously by Rigby et al 9 . All grafts were secured with impaction alone, or in combination with reconstruction of segmental defects using mesh and screws (X-change, Stryker Orthopedics, Mahwah, New Jersey), which were introduced in 1995.
All of the acetabular components used were cemented. There were 186 Exeter Concentric implants (Stryker Orthopedics, Mahwah, New Jersey), 75 Ogee (DePuy, Warsaw, Indiana), 39 Exeter Contemporary (Stryker Orthopedics, Mahwah, New Jersey), three McKee-Arden (Zimmer, Warsaw, Indiana) and one Muller (Zimmer, Warsaw, Indiana). There were 204 hips where Simplex P was used, 99 with Simplex RO (Stryker Orthopedics, Mahwah, New Jersey) and one with CMW cement (Wright Medical Technology Inc, Arlington, Tennessee). Of the 304 revision hips, 286 (94.1%) underwent both stem and acetabular revision. All stems that were retained were well fixed.
Bone allograft from donated femoral heads was prepared by removing all cartilage and soft tissue before being morcellised with rongeurs or a bone mill (Noviomagus Bone Mill, Spierings Medische Techniek, Nijmegen, the Netherlands). In 128 hips the bone was prepared by hand with rongeurs alone, in 69 by mill and hand, and in 101 by bone mill alone. In one hip, bone chips were mixed with artificial graft expander, and in five the preparation technique was not recorded. The differing graft preparations represent an evolution of the technique rather than active choice of which methods were most appropriate.
Allograft storage techniques changed over the course of the cohort. From 1995 until 1998 the graft was pasteurised (57 hips); during 1998 it was sterilised by irradiation (29 hips) while a fresh-frozen bone bank was set up; subsequently, retrieved femoral heads were fresh frozen (144 hips). In 48 hips a mixture of techniques was used. The preservation technique was not recorded for 26 hips.
Clinical scores were collected prospectively and comprised the Oxford hip score 10 (OHS) from December 1996, when it became included as a routine measure (and hence is missing for the first 40 hips), transformed to the 0 (worst) to 48 (best) scale as recommended by Murray et al 11 ; the Harris hip score (HHS), 12 subdivided into pain and function scales; and the Charnley modification of the Merle d'Aubigné and Postel score 13 (CS), which gives separate scores for pain, function and range of movement. In addition, the Charnley classification 14 was also recorded preoperatively and at review. Plain radiographs (anteroposterior (AP) pelvis and lateral of the operated hip) were also obtained where possible. When the patient's general health prevented them from attending outpatient clinics, clinical scores were obtained by postal questionnaire or telephone. In these patients, the range of movement section of the CS was omitted and treated as a missing value (38 patients). The deformity and range of movement sections of the HHS were not recorded for any patient.
In addition to patient age and gender, data were collected for factors considered to be implicated in graft failure, including the number of previous operations, grade of lead surgeon, use of mesh and its position, graft thickness, Paprosky grade 15 of acetabular defect, graft preparation (rongeurs, bone mill or both) and graft preservation technique (fresh frozen, pasteurised, irradiated or a mixture). Radiological assessment was performed on all surviving acetabular components, comparing the immediate postoperative radiographs with the most recent. The radiographs were either plain films that had been digitised using a scanner (Diagnostic Proadvantage, Vidar Systems Corporation, Herndon, Virginia) or stored in an original digital format (Webpacs, GE Healthcare, Little Chalfont, United Kingdom). The radiographs were analysed using Orthoview software (Meridian Technique Ltd., Southampton, United Kingdom). Accurate scaling was performed using the femoral head as a marker. The anatomical reference points used were the teardrops; if these could not be identified the inferolateral margins of the obturator foramina were used. The acetabular component inclination angle was measured from a horizontal line drawn between these points, and horizontal and vertical displacement of the implant was measured from a vertical reference line drawn perpendicular to the horizontal at the reference points to the centre of the acetabular components. This centre was used rather than the centre of the femoral head, as the latter could be affected by polyethylene wear over the duration of the series; possibly > 2 mm over ten years. 16 Acetabular component inclination and displacement measured in this way have previously been used by other groups to measure migration of acetabular implants following AIG, with a cut-off > 5° change in inclination angle, or > 5 mm change in position in the vertical and horizontal planes taken to indicate acetabular component migration. 4, 17, 18 Demarcation at the cement-bone interface was graded using a modification of the criteria previously published by Hodgkinson et al 19 ( Table I) . The cut-offs of 5° change in inclination angle and 5 mm displacement would appear to be reasonable parameters for a retrospective review of plain radiographs, where changes in hip position between consecutive images, variability in the quality of radiographs (e.g. exposure, centring) and difficulty in defining precise anatomical landmarks could not be controlled. In order to assess the reproducibility of our measurement technique, two of the assessors (MJW and GEB) independently measured 19 randomly selected radiographs, and then repeated the measurements two days later, so that intra-class correlation coefficients (ICCs) could be calculated for inter-and intra-observer error. Both showed high levels of agreement, with ICCs of 0.98 (95% CI 0.95 to 0.99) for inter-observer error and 0.99 (95% CI 0.97 to 1.0) for intra-observer error. The cutoff thresholds used were not informed by reliability assessment but rather from previous publications in this area, 4, 17, 18 although a recent paper by Del Gaizo et al 20 used more generous limits.
Assessment was also made of whether the position of the pelvis was the same on each radiograph. Loss of the lumbar lordosis can occur with ageing, 21 causing the pelvis to flex, and may contribute to an apparent change in implant position. Using these assessment criteria, the surviving acetabular components were classified as stable, probably stable, probably unstable or definitely unstable (Table II) . An assessment of graft thickness was made on the immediate post-operative film for all patients where possible. The measurement was made at the midpoint of each of the three zones described by DeLee and Charnley 22 and a mean was calculated. The presence or absence of heterotopic ossification was noted and classified according to Brooker. 23 Radiological measurements were made by four assessors (JG, GEB, MJW and CT). Statistical analysis. Kaplan-Meier survival curves 24 with 95% confidence intervals (CI) were calculated using the endpoints revision for any cause and revision for aseptic loosening. Cox's proportional hazards regression analysis, 25 using the forward conditional method of variable entry, was performed to determine whether any of the factors considered to be implicated in graft failure significantly influenced rates of revision. Changes in clinical outcome scores were compared using the Wilcoxon test for paired non-parametric data. Statistical analysis was performed using SPSS version 18.0 (SPSS Inc, IBM Corporation, Armonk, New York), and p < 0.05 was considered statistically significant.
Results
Patients were reviewed at a mean of 12.4 years (SD 1.5) (10.0 to 16.0). At the time of review, 123 patients (128 hips) had not required revision for any reason, and had completed some form of follow-up (clinical, radiological or both). One patient had revision of a well-fixed acetabular component to a constrained implant using a cemented technique 26 at the time of revision of a femoral component, and was censored at the date of this revision for the purposes of survival analysis. A total of 136 patients (136 hips) had died without requiring revision of their acetabular components. Of these, there were 84 completed OHS, HHS and 98 CS available for analysis at a mean time to death of 6.7 years (0 to 15.1). In 36 patients (37 hips) the acetabular components had been revised, 33 of which were aseptically loose at a mean of 6.4 years (0.2 to 14.7), three were revised for dislocation at a mean of 6.0 years (1.9 to 13.1) and one for infection at 10.1 years. Two patients (two hips) were lost to follow-up, having last been seen at 4.6 and 11.8 years, respectively. Paprosky grades for all patients are shown in Table III , along with revisions for aseptic loosening according to Paprosky grade.
Complications. There were three (1%) peri-operative deaths, one due to pulmonary embolism, one to a cerebrovascular accident and one to myocardial infarction. There were two (0.7%) hips associated with deep vein thrombosis. There was one (0.3%) femoral nerve palsy, which fully recovered and two (0.7%) sciatic nerve palsies, one of which recovered fully and one partially. Two (0.7%) patients developed post-operative haematomas, both of which were managed conservatively. There were three (1%) trochanteric fractures, one (0.3%) calcar fracture, four (1.3%) femoral shaft fractures and four (1.3%) femoral perforations intra-operatively, all but one of which were identified and managed per-operatively, with the exception of a femoral perforation, which was identified post-operatively and re-operated on five days after the initial operation. The femoral perforations were all in patients undergoing simultaneous revision of the femoral component. There was one (0.3%) pelvic penetration in which the medial wall gave way during impaction. This was managed by placement of a large medial mesh and further impaction grafting. Only one (0.3%) patient developed Brooker Grade 2 heterotopic ossification. There were ten (3.3%) hips that dislocated, six of which were managed with closed reduction only, three by revision of the acetabular component, and one by insertion of a posterior lip augmentation device. One patient (0.3%) developed a deep infection, which was managed with a revision ten years after the index operation. The overall complication rate was 11.5%. In addition, seven patients sustained late femoral peri-prosthetic fractures; three of these were managed with stem revisions, two with internal fixation and two were successfully managed non-operatively. Clinical outcomes. The pre-operative and latest clinical outcome scores for the entire series are shown in Table IV . This includes the most recent scores for all survivors and the last scores collected before death for those who died without revision. The time interval at which these post-operative outcomes were collected ranged from three months to 16 years. Pre-operatively, there were 83 hips (27%) classified as Charnley category A (unilateral hip disease), 135 (44%) category B (bilateral hip disease) and 82 (27%) category C (hip disease plus other co-morbidity limiting ambulation); 14 four were not recorded. At the last follow-up these numbers of hips were 33 (11%), 92 (30%) and 110 (36%), respectively and in 69 (23%) the information was unavailable. Clinical outcome scores are also presented according to degree of bone loss, expressed as the Paprosky grade (Table V) . For this and subsequent outcome analyses only the results on surviving patients have been used, limiting the study to 128 hips (123 patients) at a mean follow-up of 12.4 years (10 to 16).
Survival. Kaplan-Meier survival curves were calculated with a minimum of 40 hips remaining at risk 27 at 13.5 years (Fig. 1) . Survival with revision for aseptic loosening as the endpoint was 85.9% (95% CI 81.0 to 90.8). Survival with revision for any reason as the endpoint was 82.8% (95% CI 76.9 to 88.7%); taking the worst-case scenario, with revision for any cause and including the two patients lost to follow-up, survival was 81.6% (95% CI 75.5 to 87.7). Cox's regression analysis. Unfortunately, 29 hips with missing data (9.5%) for graft thickness limited the inclusion of a significant number of cases. To avoid introducing bias and after confirmation that it did not influence the survival model (p = 0.43), the model was formed without this variable. Owing to incomplete data, the number of events (revision for any reason) in our model was 36 hips, with 30 missing values (where one or more variables were missing). The only factor found to be significantly associated with revision was the use of mesh. The use of any kind of mesh other than medial mesh significantly influenced the model (Table VI) Kaplan-Meier survival curve for revision for aseptic component loosening (ACL), revision for all reasons, and revision for all reasons including patients lost to follow-up (worst-case).
hips did not have immediate post-operative and subsequent films available for comparison. This was either because the original films had been destroyed prior to being digitised, or because the patient had not attended for radiological review following discharge from hospital, but had been able to complete the questionnaires necessary for the clinical review. Of the remaining 125 hips, 33 were unable to complete radiological evaluation at the same time as their clinical evaluation, so their last available radiographs were used for measurement. In these patients the radiological follow-up was a mean of 7.4 years (2.5 to 9.9). In all, 77 acetabular components appeared stable according to the criteria described above on the most recent available radiograph, 20 were probably stable, 13 were probably unstable, and 15 were definitely unstable. Clinical outcome scores for each of the groups are shown in Table VII . Radiological outcomes according to bone loss, expressed as Paprosky 15 grade, are shown in Table VIII .
Discussion
After a minimum of ten years, for cases initially revised for aseptic loosening, the incidence of revision in our series was 12.2%. The overall complication rate was 11.5%, including a peri-operative mortality rate of 1%, which compares favourably with other published data. 28, 29 Although many of the patients in the series had died, only three deaths occurred in the peri-operative period, and the mortality rate is probably a reflection of the age and morbidity of the majority of patients at the time of surgery.
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Of the surviving acetabular components, 22.4% were judged probably or definitely unstable using our radiological criteria, but the clinical results of these patients were very similar to those of the patients whose implants were probably or definitely stable. It may be that after initial migration, these components settle into a stable position and do not cause symptoms, or it may simply reflect a group of patients with very low functional demands, or both. The most recent post-operative clinical scores show that most patients experienced good pain relief and range of movement but poor function. However, the increased proportion of patients in Charnley category C suggests that factors other than hip pathology contributed to lower postoperative functional scores.
Multiple radiological parameters were used in this study to try to improve the accuracy of the assessment, but any assessment in such a series is difficult because of metalwork obscuring anatomical features, 4 obliteration of landmarks by osteolysis and/or surgery, inconsistent radiological quality and changes in pelvic position between films. Demarcation is an inconsistent sign, even after primary arthroplasty, 31 and graft resorption following impaction bone grafting is also difficult to assess. 4 Consequently, there is no consistently reliable method for retrospectively assessing subtle changes in acetabular component position, osteolysis or graft resorption following impaction bone grafting. The relationship of radiological findings with clinical assessment of the patient is paramount in deciding whether the operation has succeeded or failed, and it is the practice in our unit to monitor, albeit more frequently than usual, those asymptomatic patients whose implants appear to be migrating. The Cox's regression analysis in our study shows that the use of any mesh other than medial mesh was associated with an increased risk of revision, which mirrors the poor results of large mesh reconstruction using AIG in primary hip replacement 32 . Bone allograft is incorporated into the host skeleton by a process of creeping substitution, 1, 3 and until this process has been completed the integrity of the graft is dependent on the inherent mechanical stability of the impacted chips. An explanation for the findings of the Cox's regression analysis may be that where the defect is particularly large, these thin meshes are not sufficiently adequate to provide initial support. The results of the regression analysis suggest that this technique is particularly suited to type 1, type 2a and 2c defects, where bone loss is either minimal or medial.
Morsi, Garbuz and Gross 33 reported a survival rate of 86% at a mean follow-up of 7.1 years in a series of 29 patients using bulk allograft in cases with less than 50% acetabular coverage, but Sporer at al 34 reported a 78% survival rate for revision due to aseptic loosening in their series of 23 grade 3A acetabula at ten years. Kremers et al 35 demonstrated an overall survival rate at 15 years of 69% for acetabular revisions using uncemented acetabular components and ten different implants in a large mixed series of 3448 cases, with uniform fall-off in results into the second decade and a positive correlation between bone loss and implant failure. In contrast, Del Gaizo et al 20 have shown very low rates of aseptic loosening using tantalum augments in a series of 37 hips with a mean follow-up of five years, only one of which required revision for aseptic loosening. In light of our results we advocate using these devices to create peripheral acetabular containment to facilitate graft impaction with encouraging early results. 36 In a series of 62 hips Schreurs et al 37 reported survival of 75% at 20 years with revision for any cause as the endpoint. Other series have varied in duration of follow-up, definition of endpoint, extent of the defects managed and nature of the graft material, [4] [5] [6] 38 with survival ranging from 72% survival at a mean of 7.2 years 6 to 83.9% and 81.6% in Paprosky type 3A and 3B defects, respectively, at a mean of eight years. 4 It has been speculated that the worst figures were attributable to the use of very small milled bone chips. 37 The results of our regression analysis do not demonstrate an association between the use of milled chips to prepare the graft and aseptic loosening.
As with many retrospective series, the biggest failing of this study is the number of missing clinical and radiological values. In addition, a prospective study design would have precluded some of the heterogeneity in our methodology, such as the use of different methods of graft preparation, an inevitable consequence of new technology becoming available.
In conclusion, our results show good long-term results for impaction bone grafting in combination with cemented acetabular components for acetabular deficiencies in revision hip surgery, with survival of 86% for aseptic loosening at 13.5 years and satisfactory clinical outcomes. Our findings suggest that larger Paprosky grade 3 defects may be better managed with other techniques. However, for Paprosky grade 1 and 2 defects, we believe that impaction grafting with a cemented acetabular component allows reliable restoration of anatomy and bone stock.
